Sterile neutrinos are one candidate to explain anomalies in neutrino oscillations. The massdifference-driving oscillation between flavors can be probed only within specific combinations of baseline and flight energy. For a neutrino whose mass is completely unknown, it is necessary to scan all available ranges in spectrum and all accessible baselines. Here, we present four-neutrino analysis of the results announced by RENO and Daya Bay, which performed the definitive measurements of θ 13 based on the disappearance of the inverse-beta-decay antineutrino at km-order baselines. Our results within 3+1 scheme include the exclusion curve of ∆m 41 vs. θ 14 , and the adjustment of θ 13 due to the contribution of θ 14 to the disappearance of electron antineutrinos.
I. INTRODUCTION
On top of the solar and atmospheric neutrino experiments, a series of recent oscillation experiments, T2K [1] , MINOS [2] , Double Chooz [3] , Daya Bay [4] , and RENO [5] , have firmly established a framework of neutrino oscillations among three flavor neutrinos mixed with three mass eigenstates through a unitary matrix. According to the 3ν global analysis [6] , the 3σ ranges of the physical oscillation parameters are given as in the following: 6.99 < ∆m In spite of the confirmation of three flavors of neutrinos, we do not concretely exclude the existence of new kinds of neutrinos. According to the LEP experimental result for invisible Z boson decay [9] , if there exist new types of neutrinos with mass below 45 GeV, they should be sterile neutrinos which are singlet fields under the SU(2) weak interaction. Although sterile neutrinos do not interact with the electroweak gauge bosons, they can mix with three active neutrinos, leading to the oscillation between active and sterile neutrinos.
Inactive singlet neutrinos are familiar in utilizing the see-saw mechanism [10] , but they are untouchably heavy. On the other hand, the existence of light sterile neutrinos with masses about O(1) eV or less has not been phenomenologically ruled out. It is naturally considered that their existence may affect cosmology such as Big Bang Nuclearosynthesis, Cosmic Microwave Background, Hubble constant and galaxy power spectrum etc. Many literatures have studied the impact of sterile neutrinos on cosmology and obtained some constraints on the effective numbers of light neutrino species and on the sum of light neutrino masses which may favor the existence of sterile neutrinos [11] . The anomalies observed in the LSND [12] , MiniBooNE [13] , Gallium solar neutrino experiments [14] and some reactor experiments [15] , over the past several years, also can partly be reconciled by the oscillations between active and sterile neutrinos, if more than one kind of sterile neutrino are heavier than three active neutrinos [16] .
We examine whether the oscillation between a sterile neutrino and active neutrinos is 2 . Thus, our study does not necessarily cover the sterile neutrinos introduced to reconcile the anomalies observed in the short baseline experiments.
In fact, efforts to search sterile neutrinos are being made with all types of oscillations with different baselines [17] [18] [19] [20] [21] [22] [23] [24] [25] . There is a work that tried to probe sterile neutrino parameters with recent reactor neutrino experiments [20, 21] , where a different range of ∆m 2 41 is focused on, compared with this work.
This article is organized in the following outline: In Section II, the survival probability of electron antineutrinos is presented in four-neutrino oscillation scheme. We exhibit the dependence of the oscillating aspects on the order of ∆m and the best fit of sin 2 2θ 13 are summarized in conclusion.
II. FOUR NEUTRINO OSCILLATION
The three-neutrino transformation from mass basis to flavor basis is given in terms of three angles and a Dirac phase [29] :
where R ij (θ ij ) denotes the rotation of the i-j block by the angle θ ij . When a 3+1 model is assumed as the minimal extension, the unitary transformation from the mass basis of {m 1 , m 2 , m 3 , m 4 } to the flavor basis {ν e , ν µ , ν τ , ν s } is given in terms of six angles and three Dirac phases:
The 4-by-4 U F is expressed as 
where the PMNS type of 3-by-3 matrix U PMNS with three rows, (
and (U τ 1 U τ 2 U τ 3 ), is imbedded. The CP phases δ 2 and δ 3 introduced in Eq.(2) are omitted for simplicity, since they do not affect the electron antineutrino survival probability at the reactor neutrino oscillation.
The survival probability ofν e produced from inverse beta decay is
where ∆m 2 ij denotes the mass-squared difference m 2 i − m 2 j . In the limit where | U e3 | and | U e4 | are much smaller than one, the survival probability ofν e is determined by the following three terms (as long as m 4 is much larger than the others):
The oscillation pattern of P th as L/E increases in a logarithmic way is described in Fig.1 , where three patterns of oscillating probabilities are shown according to the order of ∆m The rate-only analysis of neutrino oscillation takes the average over accessible energies of the neutrinos emerging from the reactors. The measured probability of survival is
where σ tot (E) is the total cross section of inverse beta decay(IBD), and φ(E) is the neutrino flux distribution from the reactor. For Reno, the survival probability P s in Eq. (8) at each detector is evaluated as P near = 0.0678P n1 +0.1493P n2 +0.3419P n3 +0.2701P n4 +0.1150P n5 + 0.0558P n6 and
based on the relative distances. Each P ni or P f i is given as P th in Eq.(7). The total cross section of IBD is given as [26, 27] σ tot (E) = 0.0952
where of the four isotopes with the fission ratio expected at the middle of the burn up period of the reactors [28] . Including the product of σ tot (E ν ) and φ(E ν ) in the integrand in Eq. (8) results in average probability curve P shown in the inset of In rate-only analysis, the value of sin 2 2θ 13 is determined by obtaining the curve of P in Eq. (8) might have a different value from that previously determined, as shown in Fig. 2 . Such a combination of sin 2 2θ 13 and sin 2 2θ 14 will be examined more carefully within spectral shape analysis.
IV. SHAPE ANALYSIS

A. RENO
One of the RENO's first results was the ratio of the observed to the expected number of antineutrinos in the far detector, R = 0.920 ± 0.017 (see Ref. [5] ), where the observed is simply the number of events at FD. On the other hand, the expected number of events at FD can be obtained through several adjustments of the number of events at ND, i.e., 
where the number of events at each detector is normalized. The normalization of the neutrino fluxes at ND and FD requires an adjustment between the two individual detectors which includes corrections due to DAQ live time, detection efficiency, background rate, and the distance to each detector. The numbers of events at FD and ND in Eq.(12) have already been normalized by these correction factors, and so we have R far = 0.920 ± 0.017 and 
In rate-only analysis, the ratio of the observed to the expected number of events at FD in Eq. (11) is just the survival at FD, since the denominator in Eq. (13) is eliminated. Thus, R coincides with the R far in Fig. 2 .
In spectral shape analysis, however, the denominator cannot be neglected, since the oscillation effect at ND differs depending on the neutrino energy. The data points in Fig.3 are obtained by the definition of the ratio R given in Eq. (11) and Eq. (12) per 0.25MeV bin, as the energy varies from 1.8MeV to 12.8MeV. The theoretical curves overlaid over the data are also obtained parallel to the ratio in Eq.(13). They are described by
where P th (L) is given in Eq. (7). While the thick red curve is a typical ∆m (14) at θ 14 = 0, the minimum of χ 2 is obtained at sin 2 2θ 13 = 0.124, which is slightly different from sin 2 2θ 13 = 0.113, the result of the rate-only analysis. The ∆χ 2 with respect to sin 2 2θ 13 is drawn in Fig. 5(c) .
Even when nonzero θ 14 is considered, the accessible range of ∆m 
where the numbers of events at both detectors have been normalized for corrections including DAQ live time, detection efficiency, background rate, and distance to each detector. In comparison with RENO's R from Eq.(12), the oscillation factor at ND is not eliminated from the number of events in order to give rise to the expected number at FD. In other words, the expected number at FD takes the number of events at ND directly, while the observed at FD is the number of events at FD. Relative to the flux emerging from the reactors, the events at ND and FD are R near = 0.986 ± 0.007 and R far = 0.931 ± 0.017, so
which was the result released from rate-only analysis.
The data points in Fig. 3 also gives R in Eq. (15) per 0.25MeV bin, as the energy varies from 1.8MeV to 8.5MeV. The theoretical curves overlaid for comparison with the data are consistent with the ratio in Eq. (15), and can be described by
which can be compared with the plots of Eq. (14) for RENO. While the thick red curve is a typical ∆m [4] , and is actually a reproduction of the curve from Ref. [4] . However, if the data are compared with the curve of Eq.(17) at θ 14 = 0, the minimum of χ 2 is obtained at sin 2 2θ 13 = 0.094, which is slightly different from sin 2 2θ 13 = 0.089, the result of rate-only analysis. The ∆χ 2 with respect to sin 2 2θ 13 is drawn in Fig.6 (c).
When nonzero θ 14 is considered, the interpretation of the data points in Fig. 3 in terms of the combined oscillation of ∆m broadens along with the range of sin 2 2θ 14 , as shown in Fig. 2 , which took (and shifted) the errors from the R's.
Although the spectral shape analysis was not presented due to lack of data in the first releases of RENO and Daya Bay, we included the shape analysis of each oscillation as shown in Fig.3 . Because of the accessibility of the baseline, ∆m 2 41 larger than 0.05eV 2 is excluded. As expected, only ∆m 2 41 below 0.03eV 2 exhibits modest oscillatory aspects for both in Fig.4 . Regarding RENO, Fig. 3 
